Eighty-seven thermophilic, aerobic, spore-forming bacteria were isolated from shallow, marine, thermal vents of the Eolian Islands (Italy) and tested for a broad spectrum of phenotypic characteristics. A numerical taxonomy study was performed on these isolates and 8 thermophilic Bacillus and Geobacillus reference strains by 89 selected features. Results from cluster analysis showed the formation of nine clusters. Most of the isolates (83%) fell into several phenetically well distinguished clusters, loosely related to Geobacillus thermodenitrificans. The remaining isolates grouped together with different reference strains. Eighteen isolates, representative of the different clusters, were selected for subsequent genotypic characterisation, including partial 16S rDNA sequence analysis of 18 strains and almost complete 16S rDNA sequences of 9 strains. Subsequent DNA/DNA reassociation studies and determination of the base composition of DNA identified seven isolates as Geobacillus thermodenitrificans, two isolates as G. thermoleovorans and one isolate as Bacillus pallidus. Four isolates represented two novel species of Bacillus. The remaining four represented novel Geobacillus species, one of which has recently been described as Bacillus vulcani DSMZ 13174
Introduction
Thermophilic bacteria belonging to the genus Bacillus are able to grow at or above 60°C showing optimal growth temperatures in the range ≥45-≤70°C. Most of the high temperature bacilli have been isolated from hot environments (hot springs, solfataras or geothermally heated soils) or from man-made thermal systems (hot water pipelines, heat exchangers, waste treatment plants, burning coal refuse piles), while thermotolerant bacilli may be isolated from both thermophilic and mesophilic environments, including soil samples, composting vegetation, sewage digester, river-, lake-and sea-water. They have been also isolated from shallow water marine hot springs and from deep-sea hydrothermal vents (HJÖR-LEIFSDOTTIR et al., 1989; MARTEINSSON et al., 1996) .
The first publication on the characterisation of an aerobic spore-former able to grow at 70 °C, Bacillus thermophilus, was carried out by MIQUEL in 1888. Since then several reports on thermophilic Bacillus strains have been published (GORDON and SMITH, 1949; SHARP et al., 1992; WHITE et al., 1993) .
On the basis of 16S rRNA sequence analysis of the genus Bacillus it was shown that most thermophilic species are members of Bacillus rRNA group 5 (ASH et al., 1991; RAINEY et al., 1994) , the majority of which have recently been reclassified as Geobacillus (NAZINA et al., 2001) : Geobacillus stearothermophilus, G. thermoglucosidasius, G. thermodenitrificans (MANACHINI et al., 2000) , G. kaustophilus, G. thermocatenulatus and G. thermoleovorans. The latter species embraces the invalid species "B. caldolyticus", "B. caldotenax" and "B. caldovelox" (SUNNA et al., 1997) . Other members of Bacillus rRNA group 5 are "B. thermoantarcticus" (NICOLAUS et al., 1996) and B. vulcani, (CACCAMO et al., 2000) as well as Saccharococcus thermophilus and S. caldoxylosilyticus (AHMAD et al., 2000) .
The interest for these bacteria arises from their biotechnological importance as sources of themostable enzymes (proteases, amylases, pullulanases, glucose-isomerases, lipases, xylanases and DNA restriction endonucleases) and products for industrial use, such exopolysac-charides or compatible solutes (HARWOOD, 1989; SHARP et al., 1992) . This paper is the first report on the isolation and characterisation of thermophilic bacilli from different shallow, marine thermal vents located around the Eolian Islands (Italy). We describe here the biodiversity of the isolates by numerical analysis of their phenotypic features in comparison with 8 thermophilic Bacillus and Geobacillus reference strains. This approach has been followed by the genotypic characterisation of 18 selected isolates.
Materials and Methods

Sampling sites
The Eolian Islands represent an arc of volcanic origin where submarine hot waters and gases flow from the sea-floor at various depths. The sites of the collection of samples in shallow, submarine volcanic systems were located at different depths around the Eolian Islands (Italy) .
Water and sediment samples were collected at different shallow marine thermal vents during an oceanographic cruise (September 1996) around Eolian Islands. Sampling was made by SCUBA divers using sterile sampler . Sites depth, temperature and pH were immediately recorded by a multiparameter probe.
Enrichment and isolation
All samples were immediately treated aboard ship. The enrichment of aerobic, heterotrophic, thermophilic bacteria was obtained using the following protocol. Water samples were filtered through 0.45 mm membrane filters. Filters were inoculated into Bacto Marine Broth 2216 (Difco, Detroit, MI, USA) and liquid Medium D (MD) (DEGRYSE et al., 1978) or placed onto plates of Bacto Marine Agar 2216 (Difco) (MA) and MD agar. The media were incubated at 65 °C for three days in aerobic conditions. Isolation was made on the same media supplemented with agar (2%). All colonies obtained on Petri dishes were picked and purified by streaking on MA at least three times. Serial dilutions of sediment samples were treated by the same method.
Reference strains
The following thermophilic strains of Bacillus rRNA group 5 were included as reference strains: G. 
Phenotypic studies
All phenotypic tests were made in triplicate and repeated when inconsistent results were observed. All growth tests, unless otherwise specified, were performed at 55 °C.
Gram-and spore-staining, observation of motility, test of oxidase and catalase activity, were performed as described by SMIB- ERT and KRIEG (1994) .
Temperature and pH range for growth was determined following incubation of the strains for 3 days at 37, 45, 55, 60, 65, 70 and 75 °C and pH 5.5, 6.0, 7.0, 8.0 and 9.0 in Bacto Marine Broth (Difco) .
Halotolerance was tested after 3 days of incubation in Bacto Nutrient Broth supplemented with 0, 2, 3, 5, 7 and 10% (w/v) NaCl.
Optimal growth was evaluated by measuring the increase in turbidity at 600 nm with a spectrophotometer (Ultraspec 3000, Amersham Pharmacia Biotech, Buckinghamshire, UK).
Biochemical characteristics were screened by test strips of API system (bioMérieux, Marcy l'Etoile, FR). The first 11 tests in the API 20 E and 49 tests in the API 50 CHB (acid production from carbohydrates) were used. Constitutive enzyme production was tested by the API ZYM according to SHARP et al. (1980) . Nitrate reduction and carbohydrate assimilation were detected by the API 20 NE. Strips were incubated at 55 °C in a plastic bag onto a bed of wet cotton in order to minimise evaporation. Results were scored reading at 12 and 24h (LOGAN and BERKE-LEY,1984) .
Utilization of glucose (0.6% w/v), sucrose (0.6% w/v), carragenan (0.1 % w/v) as sole carbon source was tested adding the carbohydrates to MD agar deprived of tryptone. Growth was scored after 3 days of incubation at optimal temperature.
Starch, casein and tributyrin hydrolysis was tested according to MARTEINSSON et al. (1996) ; xylan and dextran hydrolysis was tested according to WHITE et al. (1993) .
Lipolytic activity on Tween 20 and Tween 80 was tested on Sierra agar modified (DEGRYSE et al., 1978) .
To assess possible error, tests were performed in duplicate on 18 random strains (SNEATH and JOHNSON, 1972) .
Cluster analysis
Results obtained were arranged in a binary data matrix and analysed using the Sokal and Michener (S SM ) and Jaccard (J) similarity coefficients together with the unweighted pair group method with arithmetic average algorithm (UPGMA) (SNEATH and SOKAL, 1973) . Cophenetic correlation values were determined for the two dendrograms obtained using the NTSYS-PC © 1.70 program (1992 -Exeter Software, Applied Biostatistics Inc, New York).
Genotypic studies
Randomly selected strains from different clusters were subsequently studied for genotypic characteristics.
Determination of DNA mol % G+C content
The DNA was isolated according to CASHION et al. (1977) . The mol% G+C was determined by HPLC as described by MES-BAH et al. (1989) .
16S rDNA sequence determination and analysis
Genomic DNA extraction, 16S rDNA amplification via PCR and sequencing of the purified products were performed according to RAINEY et al. (1996) . Sequence reaction mixture was electrophoresed by using a model 373A automated DNA sequencer (Applied Biosystem, Foster City, California, USA). The 16S rDNA sequences obtained were manually aligned with reference sequences of Bacillus and Geobacillus spp. using the ae2 editor (MAIDAK et al., 1999) . Evolutionary distances were calculated by the method of JUKES and CANTOR (1969) . For partial sequences dendrograms were generated by the distance analysis methods of DE SOETE (1983) and SAITOU and NEI contained in the PHYLIP package (FELSENSTEIN, 1993) . Phylogenetic clustering of almost complete sequences were done by neighbour-joining and maximum-likelihood methods (FELSENSTEIN, 1993) . Bootstrap analysis, following a Kimura-2 correction of similarity values (FELSENSTEIN, 1988) by performing 100 resamplings, was used to evaluate the tree topology of the maximum-likelihood dendrograms.
DNA-DNA hybridisation
The DNA was isolated as described by CASHION et al. (1977) . DNA-DNA hybridisations were carried out according to DE LEY et al. (1970) , with the modifications proposed by HUB et al. (1983) , in a Gilford System model 2600 spectrophotometer equipped with a Gilford model 2527-R thermoprogrammer and plotter. The renaturation rates were determined by the Transfer BAS program (JAHNKE, 1992) .
Results and Discussion
Sampling and isolation
Eighty-seven strains, 54 from venting-water and 33 from sediment close to the vents, were isolated from collected samples.
Phenotypic studies
All 87 strains were rod-shaped, Gram positive, spore forming and grew aerobically at 55 °C, reaching the exponential growth phase within 18 h. Seventy-seven strains were able to grow at 60 °C, 65 strains at 65 °C and 10 strains at 70 °C. Salt was not required for growth by 59 strains. All strains grew with 2-3% NaCl, 23 strains grew with 5% NaCl, six with 7% NaCl and only one strain with 10% NaCl. Almost all strains grew at neutral or slightly alkaline pH. All strains were positive for gelatin hydrolysis and most strains were positive for esculin hydrolysis. Most strains fermented ribose, fructose, maltose, keto-gluconate, and grew on sucrose Table 1 . Designation and source of the 87 isolates and eight reference strains assigned to clusters, or unclustered, defined at 68-80% S SM /UPGMA level (in bold, strains selected for genotypic characterization).
Cluster (n°of strains)
Strain Source or Site of isolate
La Roya, Vulcano Island s5s-1, s5s-2, 12-2, S12-1a
Inzolfata, Lipari Island 10-15, g10
Zurro, Stromboli g11-2 Ginostra, Stromboli 
A1, S2 Porto di Levante, Vulcano Island 5s, 5s-2 Inzolfata, Lipari Island S7-5 La Calcara, Panarea 10-16
Zurro, Stromboli
Porto di Levante, Vulcano Island 3s-1, 3s, M3s
La Roya, Vulcano Island M4, M4-1, 4-2 Punta Conigliara G. thermocatenulatus
Unclustered strain B3s-3 Porto di Levante, Vulcano Island
They were able to hydrolyse starch and casein and only two strains reduced nitrates. Cluster f (S SM ≥ 78%) comprised two strains from site U1, strictly thermophilic and able to hydrolyse starch.
Cluster g (S SM ≥ 70%) comprised six isolates. They differed from other isolates in Group A in their ability to ferment glucose, fructose, mannose, mannitol, sorbitol, sucrose and trehalose. Moreover, they were unable to hydrolyse casein and starch.
In Group B, cluster h (S SM ≥ 68%) comprised twenty strains, six of which were reference strains (G. thermoleovorans, G. kaustophilus, G. thermocatenulatus, "B. caldotenax", "B. caldolyticus" and "B. caldovelox"). Most strains assimilated mannose, N-acetyl-glucosamine and maltose and were able to use citrate and ferment fructose, maltose, mannose, sucrose, D-xylose, trehalose and starch.
Cluster i comprised G. stearothermophilus and one field strain, strictly thermophilic and halophilic, linked at 68% similarity level. Table 1 lists the designation and source of the 87 isolates and eight reference strains assigned to clusters or constituting individual lineages on the basis of ≥ 68% S SM /UPGMA similarity values. Table 2 (a, b, c) shows physiological/biochemical characteristics of the multi-membered clusters of isolates and reference strains.
Genotypic studies
Eighteen representative strains were randomly selected from the 87 previously analysed by cluster analysis. The main phenotypic properties of these 18 isolates are shown in Table 3 in comparison with those of three related Geobacillus reference strains (data from literature).
DNA base composition
The mol% G + C content of DNA of the 18 isolates ranged from 39 to 53%, as shown in Table 3 .
Phylogenetic position
As the previous characterisation indicated a high variability of their phenotypic properties, partial 16S rDNA sequences (position 5′ terminus to about position 500) were generated for the 18 selected strains. Binary similarity values indicated that some strains were phylogenetically very similar, some of which were closely related to some Geobacillus and Bacillus reference strains. The topology of the neighbour-joining tree indicated the presence of five strains groups (I-V) (Fig. 2) , two of which (I, II) included members of the Geobacillus/Saccharococcus rRNA group 5 (ASH et al., 1991; RAINEY et al., 1994) .
Group I, harbouring 10 isolates, was divided in two subgroups. In subgroup Ia, sequences of isolates A1 and S3 were identical while those of strains A2, B3, T2, B3s and B3-1 were almost identical to the sequence of G. thermodenitrificans. Subgroup Ib consisted of strains 4-2, 3s-1 and 3s-2, sharing identical sequences with that of G.
(0.6%), carragenan, dextran and xylan. Almost all possessed phosphatase alkaline and acid, butyrate and caprylate esterase, Tween 20 and Tween 80 lipase, casein and tributyrin hydrolase.
All strains were negative for arginine dehydrolase, lysine and ornithine decarboxylase, urease and H 2 S production; caprate was not utilised; D-arabinose, L-xylose, adonitol, rhamnose, dulcitol, inulin, xylitol, and fucose were not fermented.
Error based on mismatches of results of the duplicate strains was estimated at 5.5%.
Cluster analysis
The final n × t matrix included 95 strains (87 isolates and 8 reference strains) and 89 selected tests. Data arising from growth tests at different conditions and antibiotic sensitivity were not used for the numerical analysis.
Cophenetic values were 0.81 and 0.73 for S SM and S J /UPGMA analysis, respectively. Given the relatively high cophenetic correlation values, detailed results are presented for the S SM /UPGMA analysis.
Two main groups (A and B), which were separated at 63% similarity level, emerged in the dendrogram resulting from cluster analysis (Fig. 1) . Group A included most of the isolates (72), linking with G. thermodenitrificans DSM 465
T at 65% similarity level. Group B included 15 isolates and the remaining 7 reference strains linked at 67% similarity level. Several strains (8/15) of this group clustered around G. thermoleovorans DSM 5366 at 70% similarity level.
Any aggregation at ≥ 68% similarity level on the dendrogram was considered as a different cluster. The rational for this cut off value was based on the finding that strains affiliated to the species G. thermoleovorans by high DNA-DNA reassociation similarities, namely "B. caldolyticus" DSM 405, "B. caldotenax" DSM 406, "B. caldovelox " DSM 411, G. kaustophilus DSM 7263 and G. thermocatenulatus DSM 730 (SUNNA et al., 1997) were linked at 68% similarity level (AUSTIN and PRIEST, 1986) in the present study.
Six multimembered (a, b, d, e, g, h) and three doublemembered (c, f, i) clusters of isolates were recovered at ≥ 68% S SM (Fig. 1) . Only one strain in Group A remained unclustered.
In Group A, the cluster a was defined at 78% S SM level and comprised 13 isolates from site U1 (Vulcano). Most of them were positive for lipolytic activity on Tween 20 and Tween 80 and for nitrate reduction. Eight strains hydrolysed starch.
Cluster b (S SM ≥ 78%) was the largest one, comprising 28 isolates from water and sediment. Most isolates were thermotolerant and halotolerant, and were also able to reduce nitrates.
Cluster c (S SM ≥ 88%) comprised two halophilic isolates from site U7.
Cluster d (S SM ≥ 75%) comprised 16 isolates, showing lipolytic activity on Tween 20. They were all unable to ferment most carbohydrates.
Cluster e (S SM ≥ 80%) comprised four isolates more inert than other strains in carbohydrates fermentation.
kaustophilus and its close relatives G. stearothermophilus, G. thermoleovorans, "B. caldotenax", "B. caldolyticus", and G. thermocatenulatus.
Group II showed strains 5-2, 10-1, and 1bw to form a moderately related strains cluster adjacent to G. thermoglucosidasius and some undescribed thermophilic isolates, Bacillus strain ICP 56 and Bacillus strain Ak1.
Group III contained strain 5s, closely related to B. pallidus, "B. thermoalkalophilus" and Bacillus sp. DSM 2349, a strain of B. pallidus (WHITE et al., 1993) . DSM 405, 406, 411, 730, 7263 (SUNNA et al., 1997) ; results are given separately for the 6 strains in order to show the phenotypic heterogeneity of this species. Data for all reference strains were obtained at our laboratory. * Characters not selected for numerical analysis. Group IV harboured strains T3 and 4-1, sharing identical partial 16S rDNA sequences, which were distantly related to B. methanolicus.
Group V included strains 1as and 7s, sharing identical partial 16S rDNA sequences, which were distantly related to B. infernus and some temperate Bacillus species.
In order to determine more precisely the phylogenetic position of those strains which were not identical to described Geobacillus and Bacillus species, the almost complete (1450 nucleotides) 16S rDNA sequence of nine strains was determined: three from group I (strains A2, 3s-1, 4-2), three from group II (strains 5-2, 10-1, 1bw), one from group III (strains 5s), one from group IV (strain 4-1) and one from group V (strain 1as). The extension of the information from about 500 nucleotides to 1450 nucleotides did not significantly change the overall picture of relatedness (not shown).
The similarity values obtained for almost complete sequences (Table 4) indicated that strain A2 (subgroup Ia) was nearly identical (99.7%) to G. thermodenitrificans and similar to G. stearothermophilus (98.4%) and members of G. thermoleovorans cluster (98.4%) (MAIDAK et 
Table 3b
API 50 CHB-carbohydrate fermentation Table 3c API 50 CHB-carbohydrate fermentation , 1999) . This cluster also contained strains of subgroup Ib, i.e., strains 4-2 and 3s-1 similar at 99.7-99.9% and 99.6-99.7%, respectively (Table 4) . Strains 5-2, 10-1, 1bw, members of group II, shared 98.6-99.1% similarity among each other and 98-98.6% between strain ICP 56 and strain Ak1 to G. thermoglucosidasius (Table 4 ). The sequence of the group III strain 5s was identical to that of strain DSM 2349 and almost identical to that of B. pallidus (Table 4) . Isolates in group IV (strain 4-1) and group V (strain 1as) showed similarity values lower than 96% among themselves and to any described species of Geobacillus and Bacillus.
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DNA/DNA hybridisation
The degree of DNA-DNA similarity as measured by the DNA/DNA reassociation method was determined for seven of the nine isolates that showed high 16S rDNA similarity values with type strains of Geobacillus species (Table 4) . Strains 4-1 and 1as were not hybridised against any reference strain because of the isolated phylogenetic position, remote from any Bacillus reference strain (lower than 96%) (STACKEBRANDT and GOEBEL, 1994) . According to their phylogenetic distance from all reference species within the genus Bacillus, strains 4-1 and 1as should be considered two novel Bacillus species.
The representative of subgroup Ia, strain A2, showed 98.9% DNA similarity with G. thermodenitrificans DSM 465 T (Table 4) and must be considered a strain of this species. Similarly, strain 4-2 (subgroup Ib) was highly related to members of the G. thermoleovorans group (79-89.6%), while reassociation values between DNAs of strain 3s-1 and these organisms ranged between 51.4-60.7%; reassociation of strain 3s-1 and strain 4-2 was 62.6% (Table 4 ). The G. thermoleovorans group includes G. kaustophilus, G. thermocatenulatus, "B. caldolyticus", "B. caldotenax", "B. caldovelox" and G. thermoleovorans that share DNA/DNA similarity values >70% and should be considered as one species (SUNNA et al., 1997) . The three isolates of group II (strains 5-2, 10-1, 1bw) exhibited 48.5-60% DNA/DNA similarity one to each other (Table 4) , while the representative of group III, strain 5s, should be considered a strain of B. pallidus (100%) ( Table 4) . Since the DNA/DNA hybridisation experiments yielded less than 70% similarity with the phylogenetically closest Geobacillus species (Table 4) , strains 3s-1, 5-2, 10-1 and 1bw are considered to represent new species (WAYNE et al., 1987) . One of these, strain 3s-1, has recently been described as B. vulcani (CACCAMO et al., 2000) . This species has not yet been reclassified as a member of Geobacillus (NAZINA et al., 2001 ) because the publication of this species occurred during the printing process of the latter genus.
Conclusions
Comparison of the isolates from shallow hydrothermal vents of Eolian Islands with reference strains of Bacillus and Geobacillus by numerical analysis methods did not allow their unambiguous identification at the species level. The majority of strains (83%) grouped together forming several clusters within Group A, related to G. thermodenitrificans. Taxonomically, the clear separation between G. thermodenitrificans (Group A) and the other reference strains (Group B) agrees with previously published data on thermophilic bacilli (WHITE et al., 1993; MARTEINSSON et al., 1996; MANACHINI et al., 2000) .
Comparison of metabolic properties of seven strains selected from Group A, namely strains A1, A2, B3, B3-1, B3s, S3, and T2, revealed that they resembled G. thermodenitrificans, but were phenetically heterogeneous in many respects, such as hydrolysis of casein and gelatin, and acid production from sucrose, trehalose, cellobiose, mannitol, dulcitol, erythritol. Only after the examination of DNA-DNA similarity and 16S rDNA gene sequence similarity of representatives from each cluster, we were able to determine the S SM level at which individual genomic species were separated one from each other phenotypically. Comparison of our data with the most recent literature confirms the high phenotypic intraspecific diversity of thermophilic bacilli, as demonstrated by the formation at 68% similarity level of a cluster with six different strains (G. thermoleovorans, G. kaustophilus, G. thermocatenulatus, "B. caldolyticus", "B. caldotenax", "B. caldovelox") representative of the same species G. thermoleovorans, phenetically heterogeneous and genetically homogeneous. Phylogenetic analyses of partial 16S rDNA sequences and DNA/DNA reassociation of one representative of these seven isolates, strain A2, indicated that all of them should be considered strains of G. thermodenitrificans, which dominated among the thermophilic bacilli isolated from Porto di Levante, at Vulcano Island. Also the metabolic properties of G. thermodenitrificans are thus much broader than those indicated in the description of the species, containing predominantly isolates from soil (MANACHINI et al., 2000) . G. thermodenitrificans is more halotolerant than other described thermophilic Geobacillus and Bacillus species and it is therefore not surprising that the high salinity of thermal vents at Porto di Levante favours the presence of strains of this species.
The polyphasic characterization allowed the recognition of two new Bacillus and four new Geobacillus species, one of which, strain 3s-1, has recently been described as B. vulcani (CACCAMO et al., 2000) . Strain 4-1 and strain T3 (related to B. methanolicus), as well as strains 7s and 1as (related to B. pallidus) represent new Bacillus species, while strains 1bw, 10-1 and 5-2 (all related to G. thermoglucosidasius) represent novel Geobacillus species. The description of these species is in preparation (MAUGERI et al., unpublished) . Many of these new isolates exhibited characteristics potentially useful for biotechnological exploitation. All of them were heavy-metals resistant and able to utilize hydrocarbons (GUGLIANDOLO et al., 1998) ; strains 4-1, 3s-1, 5-2, T3, 1bw and 10-1 produced exopolysaccharides.
The results lead to the conclusion that marine hydrothermal vents of Eolian Islands harbour different thermophilic organisms the taxonomic novelty and biotechnological potential are worth pursuing.
